The differential cross section for gravitational photon-photon scattering calculated in Perturbative Quantum Gravity is shown to depend on the degree of polarization entanglement of the two photons. The interaction between photons in the symmetric Bell state is stronger than between not entangled photons. In contrast, the interaction between photons in the anti-symmetric Bell state is weaker than between not entangled photons. The results are interpreted in terms of quantum interference, and it is shown how they fit into the idea of distance-dependent forces.
I. INTRODUCTION
Entanglement is an inherently quantum mechanical property. It is the basis of tests of non-classicality such as the renowned Bell-tests [1, 2] . Hence, the effect of the entanglement of a physical system on its gravitational interactions is in the overlap between quantum mechanics and gravity, which makes it a question of general physical interest.
In this article, we will investigate the gravitational effect of entanglement in PQG by calculating the differential cross section of gravitational photon-photon scattering for polarization entangled photons and not entangled photons. First, we shall shortly review the derivation of the polarization averaged differential cross section for gravitational photon-photon scattering in PQG. Then, we will consider polarization entangled photons. Finally, we will give an interpretation of the effect of entanglement on the differential cross section, firstly, from the perspective of quantum interference and, secondly, from the perspective of the localization of two-particle states.
II. PHOTON-PHOTON SCATTERING
In Perturbative Quantum Gravity (PQG), the metric is written as g µν = η µν + κh µν and h µν becomes a quantum field of spin two. The coupling to the electromagnetic field is given via the interaction Lagrangian
with ζ := 8πG/c 3 [3, 4] . It was shown by N. Grillo that L I gives rise to a finite perturbation theory even in the first loop order (see remark and reference in [5] ). Here, only the first tree-level will be considered. PQG can be interpreted as a low energy effective theory of quantum gravity [6] . As a consequence of the peculiar split of the metric into an a priori background metric η µν and a quantum perturbation h µν , we can avoid the conceptual problems of the standard interpretation of quantum mechanics applied to quantum gravity, i.e. that the classical observers doing preparations and measurements themselves live in the spacetime which they prepare and measure. Our classical observers live in the classical, flat spacetime given by η µν . We assume that their detectors are separated by an infinite distance, and we assume that preparation and detection are performed at the temporal infinities. Furthermore, we assume that the gravitational interaction of the photons is the significant gravitational process beyond the effect of the classical metric background η µν . Then, it seems safe to separate preparation and detection from the gravitational interaction process of the two photons, and the quantum properties of the metric only appear in our considerations via virtual gravitons mediating the interaction between the photons.
FIG. 1. Photon-photon scattering by the angle θ -in-going momenta p1, p2 and out-going momenta p3, p4. The photons have the polarization ξ1, ξ2 and ξ3, ξ4 respectively, where ξi ∈ {1, 2}.
Our observable, the differential cross section, can be derived from the scattering matrix S [7] . We define the scattering amplitude matrix M such that
The indices ξ i of the matrix elements M ξ1ξ2ξ3ξ4 refer to the polarizations of the photons with momentum p 1 , p 2 and p 3 , p 4 in that order. The index 1 refers to the linear polarization perpendicular to the plane of collision and the index 2 refers to the linear polarization parallel to that plane. In the center of momentum frame where p 1 = −p 2 and p 3 = −p 4 , the components M ξ1ξ2ξ3ξ4 are a function of only the energy E and the scattering angle θ between p 1 and p 3 (see figure 1 ) due to rotational symmetry of empty Minkowski space. For the sake of the simplicity of the expressions, we will not always write this dependence explicitly in the following. The scattering amplitude and the differential cross section for the graviton mediated interaction of photons on
FIG. 2. Contributing diagrams
the first tree-level were calculated in [8, 9] . The nonzero elements of the scattering amplitude matrix for the ingoing momenta p 1 , p 2 and the out-going momenta p 3 , p 4 (see Fig. 1 ) in the center of momentum frame are found by evaluating the three contributing diagrams illustrated in Fig. 2 (For the derivation, refer to the Appendix.). We obtain
−35 m is the Planck length and λ is the wavelength of the photons in the center of momentum frame.
The values of the differential cross section (3) are very small, e.g. for λ = 500nm and for λ = 10nm, we find that the factor 32 l 4 P λ 2 is of the order 10 −126 m 2 and 10 −123 m 2 , respectively. This is extremely small even in comparison to the very small QED photon-photon scattering cross section [10] which is of the order 10 −72 m 2 and 10 −62 m 2 for λ = 500nm and λ = 10nm, respectively. And the QED photon-photon scattering is far from being directly observable in experiments. Thus, there is no chance to directly detect gravitational photon-photon scattering in the near future. However, it is of conceptual interest. In [11, 12] , it was shown that the differential cross section in equation (3) coincides with the classical differential cross section for the scattering of two light pulses for small scattering angles. In contrast to the classical differential cross section, however, equation (3) does depend on the polarization of the photons. In the next section, we will show how this leads to a dependence of the differential cross section on the degree of polarization entanglement between the two photons.
III. ENTANGLED PHOTONS
To investigate the effect of entanglement on the differential cross section, we consider the following parameterized state of two photons of momentum p 1 and p 2 :
where ξ 1 , ξ 2 ∈ {1, 2} in the state |p 1 , ξ 1 ; p 2 , ξ 2 label the polarization directions; ξ i = 1 refers the linear polarization perpendicular to the scattering plane and ξ i = 2 refers to the linear polarization in the scattering plane. In equation (4), ϕ ∈ [0, π/2] parameterizes the entanglement of the state; for ϕ = 0 and ϕ = π/2, the state is not entangled, and for ϕ = π/4, it is maximally entangled. The parameter ρ ∈ [−π/2, 3π/2) governs the relative phase of the superposed states |p 1 , 1; p 2 , 2 and |p 1 , 2; p 2 , 1 . In particular, |Ψ π/4,0 = |Ψ + and |Ψ π/4,π = |Ψ − are known as the symmetric and the anti-symmetric Bell states, respectively.
We are not interested in the final polarization state of the two photons. Therefore, we obtain the differential cross section (DCS) by summing over all final polarization states. Due to this summation, the DCS is independent of the choice of a polarization basis; we could have, equally well, written the state (4) in the basis of circular polarizations, without changing the result. At the first tree-level order, we obtain for the initial state (4) the DCS
Due to the rotational symmetry of Minkowski space, equation (5) can be reduced to
, and equation (6) can be expressed completely in terms of the matrix element M θ := M 1212 .
where ∆β(θ) is the relative phase of the complex functions M θ and M π−θ . Using the matrix element in (3) we obtain the differential cross section as where
m is the Planck length and λ = c/E is the wavelength of the photons in the center of momentum frame. We find that the DCS in equation (8) is larger the stronger the entanglement if −π/2 < ρ < π/2 and smaller the stronger the entanglement if π/2 < ρ < 3π/2. In particular, the strength of the interaction of the two photons reaches its maximum for the symmetric Bell state |Ψ + and its minimum for the anti-symmetric Bell state |Ψ − . For |Ψ + , |Ψ − and not entangled photons, the differential cross section is plotted in Fig. 3 ). We find that for small scattering angles the DCS is independent of the entanglement parameter ϕ, and the effect of entanglement becomes significant only for large scattering angles. The effect of entanglement is maximal for right angle scattering, i.e. the scattering angle θ = π/2. The DCS then becomes
The DCS for right angle scattering vanishes for |Ψ − and is larger by a factor two for |Ψ + than for not entangled states.
IV. COMPARISON WITH QED
In this section, we compare the effect of polarization entanglement in photon-photon scattering of PQG with the effect in Quantum Electrodynamics (QED). The interaction between photons in QED is the result of virtual electrons and positrons, created from the vacuum by the photons. In [13] , the following scattering amplitude for photon-photon scattering for QED was derived in the low energy limit (see also [10, 14] where m is the electron mass and α is the fine structure constant. In contrast to PQG, the photon-photon scattering amplitude of QED in the low energy limit is dominated by virtual exchange particles (virtual electronpositron pairs) and the scattering amplitude is purely imaginary. However, equation (7) tells us that the dependence of the DCS on the entanglement is the same as in PQG if the complex phase of M θ is independent of the scattering angle and there are no scattering angles θ < π for which M θ vanishes. Hence, in QED -as in PQG -, the strength of the interaction of the two photons reaches its maximum for the symmetric Bell state |Ψ + and its minimum for the anti-symmetric Bell state |Ψ − . The differential cross section follows from equation (7) as
× (1 + sin(2ϕ) cos ρ)(31 + 3 cos
where λ e = /mc is the Compton wavelength of the electron and λ = c/E is the wavelength of the two photons. We see that the effect of polarization entanglement in QED is already significant for small scattering angles. This is because M 1221 (E, θ) = M 1212 (E, π − θ) is nonzero for θ = 0 in QED; there is a non-zero amplitude for the process that can be interpreted as back scattering or polarization swapping. The dependence of the differential cross section on the parameters of |Ψ ϕ,ρ is the same in PQG and QED. This suggests that this dependence may be a general feature in photon-photon scattering. We will discuss this in the next section.
V. INTERPRETATION
In this section, we give an interpretation of our results, firstly, in terms of quantum interference and, secondly, in terms of localized particles. In (5), it can be seen that the dependence of the differential cross section on ρ and ϕ, is an effect of quantum interference. The amplitude M 12ξ3ξ4 represents the scattering process in which the initial state was |p 1 , 1; p 2 ; 2 and the final state is |p 3 , ξ 3 ; p 4 ; ξ 4 . The amplitude M 21ξ3ξ4 represents the scattering process in which the initial state was |p 1 , 2; p 2 ; 1 and the final state is |p 3 , ξ 3 ; p 4 ; ξ 4 . These amplitudes interfere to give rise to the scattering amplitude for the state |Ψ ϕ,ρ . This situation is similar to the quantum interference of photons at a beam splitter known from the Hong-Ou-Mandel effect [15] ; photons in the symmetric Bell state interfere at a beam splitter such that they both always leave it on the same side.
The different resulting strengths of gravitational interaction for photons in the symmetric and anti-symmetric Bell states can also be interpreted in the sense of distance dependent forces. For this interpretation, we investigate the probability for the delayed coincidence measurement of two photons [16] 
where |f and |i are the final and the initial state, respectively, and E (+) k is the positive frequency part of the the k-component of the electric field operator
For the initial state |Ψ ϕ,ρ in (4), we find for l = 2 and
This shows that the probability to find two photons at two given points closer than πλ/4 = π c/4E is increased for photons in the symmetric Bell state, ρ = 0 and ϕ = π/4, and decreased for photons in the anti-symmetric Bell state, ρ = π and ϕ = π/4, when compared to not entangled photons, ϕ = 0 and ϕ = π/2. There is no difference to the not entangled case for the parameter values ρ = ±π/2 independently of the parameter ϕ. Hence, the dependence of the differential cross section on the degree of entanglement and the phase ρ in |Ψ ϕ,ρ fits naturally with the idea of localized particles that interact via forces that decay with the distance between the particles, such as gravity and the QED photon-photon interaction. The photons in the symmetric Bell state are much more likely to be found at distances smaller than πλ/4 than not entangled photons which, in turn, are much more likely to be found at distances smaller than πλ/4 than photons in the anti-symmetric Bell state. Hence, photons in the symmetric Bell state interact more than not entangled photons which, again, interact more than photons in the anti-symmetric Bell state.
VI. CONCLUSIONS
In the framework of Perturbative Quantum Gravity (PQG), the differential cross section for the scattering of two photons was derived in [17] and [9] . It was already noted in [17] that the dependence of the gravitational interaction between photons on their polarization is in conflict with the weak equivalence principle.
We used the results of [9] and [17] to show that polarization entangled photons gravitate more in the symmetric Bell state and less in the anti-symmetric Bell state. We compared the differential cross sections for photonphoton scattering in PQG with that in Quantum Electrodynamics. We found that they show the same dependence on the entanglement. We interpreted the results in the sense of quantum interference and in the sense of localized particles. We found that our results fit naturally into the idea of particles interacting via forces that decay with the distance between these particles. To work this out in more detail, it may be worthwhile to apply our approach to the interaction of photon wave packets.
It would be interesting to find how these results relate to those of [18] , how entanglement affects the gravitational self interaction of single particles in superposition states of different localizations. The maximally entangled state considered in [18] is a symmetric state. In [18] , the framework of semi-classical gravity was used with all its inherent conceptual problems (for more information on the conceptual problems of semi-classical gravity see [19] [20] [21] [22] [23] ). Even when ignoring these conceptual problems, it is not possible to derive the results presented here with semi-classical gravity. The effect we found here relies on the dependence of the gravitational interaction of photons on their polarization direction, but the classical gravitational field of light is independent of its polarization direction [24] .
In a gravity theory with torsion such as the EinsteinCartan theory and the Poincaré-Gauge theory of gravity [25] the gravitational field of light depends on the polarization direction. However, in these theories, the electromagnetic field cannot be coupled minimally to the gravitational field without loosing its gauge invariance [26] . One must resort to non-minimal coupling, which leads to a modification of the constitutive tensor. One way to deal with such modifications was developed in [27] and [28] . This framework could be used to investigate the polarization dependent gravitational interaction of photons in a semi-classical approach in order to compare the results with the findings that are presented here.
For the sake of conceptual rigor, it would also be interesting to consider the gravitational interaction of entangled photons in the general boundary formulation of quantum field theory [29, 30] , where the scattering process can be restricted to a compact spacetime region. It would also be of great interest to investigate the gravitational effect of entanglement in a background independent framework of quantum gravity, such as Loop Quantum Gravity.
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VII. APPENDIX: THE PHOTON-PHOTON SCATTERING AMPLITUDE IN PQG
Here we will show how the amplitude of photon-photon scattering can be derived using the Feynman rules of PQG (see [31] ). Let us call the diagrams in Figure 2 from the left to the right a), a') and b). Every photonphoton-graviton vertex in a), a') and b) contributes with a delta distribution to enforce momentum conservation and the following vertex factor (the expression in [31] must be multiplied by a factor 2 [32, 33] where p and p are the momenta of the two photons interacting at the vertex. The internal graviton line is associated with an integral over the graviton momentum q and the graviton propagator which is given as iP µναβ q 2 + i = i 2(q 2 + i ) (η µα η νβ + η µβ η να − η µν η αβ ) ,
in the harmonic gauge. The diagram a) leads to the expression 
